The vertical ultrasonic surface displacement generated by a laser-induced, thermoelelastic, rectangular surface strip source is formulated. The main features of this source, ultrasonic rise times comparable to those of the generating light pulse derivatives, and a large amplitude, double-pulsed waveform, are advantageous for ultrasonic spectral-and time-domain measurements for nondestructive material evaluation. The analysis shows that, for laterally symmetric sources in the thermoelastic regime, only one tangential thermoelastic stress component contributes to the vertical displacement. Therefore, the strip source is equivalent to two, tangential line forces acting outward at the strip's front and back edges. The leading-edge rise time of the signal is virtually independent of the lateral extent of the source, which mostly affects the trailing portions of the ultrasonic pulses. Consequently, a particularly simple expression, which compares favorably with experimental results, is obtained for short strips (subtending small angles at the observation point). In conjunction with this formulation, the thermoelastic strip source is an important tool for quantitative, laser-based, ultrasonic nondestructive material evaluation.
INTRODUCTION
The generation of acoustic waves by transient laser heating has seen increasing application in ultrasonic nondestructive testing. • This approach alleviates several drawbacks characteristic to the standard contact transducers. Wideband acoustic signal generation, nonobtrusive transduction of the ultrasound, improved scanning ability, and a potential for remote operation are the major advantages. Typically, Gaussian distributed point or line laser illumination patterns were used for this purpose.
•.2 The present authors have demonstrated faster rise times and larger amplitudes, with comparable laser pulses, by using a sharply defined rectangular illumination, or strip source. TM This technique offers improved accuracy for time-and frequency-domain measurements, which are important for material evaluation. This paper analyzes the laser-based thermoelastic strip source, providing insight into its main characteristics. A theoretical model for the acoustic waveform generated by such a thermoelastic strip is formulated. This model serves as a reference for analyzing experimental data in laser-based material evaluation procedures. 4
One of the first models for laser-generated ultrasound was derived by White. 5 His one-dimensional model considered the thermoelastic loading of metal surfaces for both isolated laser pulses and periodic pulse bursts. Later, distinction was drawn between the ablative regime, where material is blown-offthe surface, and the thermoelastic regime, where •5 Much like the point source, extended sources have been shown to be equivalent to horizontal or vertical surface loading for the thermoelastic and ablative regimes, respectively. Other workers were able to obtain solutions for the two dimensional problem in a half-space for the thermoelas-sion which circumvents the computational lead associated with previous finite source models. The mathematical formulation for the surface displacement (Sec. I) takes the advantage of closed-form expressions for the free-surface displacement Green's functions for a transient point lead. The extended surface thermoelastic strip source is replaced with its equivalent, two outward acting tangential line sources, to obtain an integral representation for the resulting surface displacements (Sec. I C). By approximating to a short strip source (subtending a small angle at the observation point), particularly simple expressions, are obtained (Sec. I D). Long strips are also considered (Sec. I E), showing that the lateral extent of the source has negligible effect on the leading portions of the ultrasonic waveform, but progressively changes the trailing signal as the source's length increases. The theoretical model is compared to experimental signals (Sec. II), and its significance is discussed in Sec. III.
I. THEORETICAL
Of the two major laser-based mechanisms for ultrasound generation: 8 the ablative, and the thermoelastic, only the latter is considered here. This mode dominates as long as the surface heating is insufficient to change the material phase (laser flux under some 107 W/cm 2 in metals •). The main macroscopic effect in the thermoelastic regime is a transient, localized surface heating, inducing local thermal stresses, which propagate in the form of ultrasonic waves, including several surface components. The thermoelastic mechanism is normally favored for nondestructive testing applications as it avoids ablative marring of the test surface. We consider here only the vertical surface displacement; other displacement components can be evaluated in a similar manner.
The thermoelastic surface strip source is analyzed using uncoupled thermoelastic theory. This simplification is justified 2ø by the small mechanical coupling term in the heat conduction equation for metals (2.9% for aluminum and (2) is eliminated by the shallow buried source approximation, •1.24 where the source is considered to act at a small subsurface depth •'o, which is set to an infinitesimal value later. For this approximation the stress glut vanishes both on the free surface (Si in Fig. 2) , and on the portion of the envelope projecting into the material (S2 in Fig. 2) . Therefore, only the volume integral of Eq. In order to incorporate the effect of the lateral extent of the source it is necessary to perform the integration over V in Eq. (15) . Nevertheless, since a solution for a short strip is already available, we choose to regard the long strip as a superposition of a series of contiguous, short strips distributed along the strip's length I. This is equivalent to a series of outward acting point sources, distributed along the two edges ofthe strip, • = + d/2, as shown schematically in Fig.   8(a) 
Only the r-•/2 attenuation rate of a Rayleigh wave is used
here, since the other components, which are attenuated faster, •3 have virtually no effect on the resulting waveform. 
II. EXPERIMENTAL
In this section, we present experimental waveforms generated by a thermoelastic strip source, and compare them to those predicted by the theoretical model. The experimental arrangement, in which the ultrasound is generated and detected on a polished aluminum slab, is shown in Fig. 10 . An expanded Q-switched Nd:YAG laser beam, with 6-ns pulse rise time [cf. Fig. 5(a) The analysis here predicts that the waveform generated by the thermoelastic strip source is independent of the material's thermal properties. This is borne by the form of Eq. Dtie to the relatively fast rise times possible with the thermoelastic strip source, the resulting ultrasonic frequency content is substantially higher than that possible with a gradual surface illumination intensity distribution (Gaussian for instance) or a convex front-end geometry (disk for example). Furthermore, the frequency content, or leading rise time are virtually independent of both the widths as well as the lateral extent of the strip (Sec. I E). They are also insensitive to small inhomogeneities in the illumination profile, as long as a well-defined illumination boundary occurs. In as much as the incident laser pulse profile is known, this property ensures a calibrated ultrasonic rise-time signature, which is invaluable for many high-frequency applications.
IV. CONCLUSIONS
A practical theoretical model for the ultrasonic waveforms generated by the thermoelastic surface strip source is derived. The model correctly describes the main experimental features: the dominance of the Rayleigh component, the two, antisymmetric pulses, the pulse separation, d/cR and their polarity. The model also demonstrates the practical advantages of the thermoelastic strip source, including large amplitudes, and a high-frequency content. Both of these parameters are essentially independent of the strip's dimensions (provided a minimal width is exceeded) and insensitive to inhomogeneities in its illumination profile. Furthermore, both the amplitude and the leading-edge rise times are proportional to the heat deposition rate, so that faster optical excitation pulses can improve the performance of time-or frequency-domain measurements. In significantly reducing the computational load, the model can readily be applied to iterative parameter estimation procedures that optimize the accuracy of ultrasonic nondestructive evaluation and testing methods.
The thermoelastic strip source, complemented by the model presented above, is an important tool for qualitative and quantitative nondestructive material evaluation. So far we have applied it to accurate ultrasonic time-of-flight measurements for monitoring the combined effects of residual stress and material texture; 28 to the absolute measurement of frequency-dependent attenuation from which accurate material grain size and absorption coefficients were obtained?
and to the detection of fatigue microcracks which invert the polarity of high-frequency ultrasound?
